Celiac disease (CD) is a chronic small intestinal inflammation precipitated by gluten ingestion. According to case reports, interferon (IFN)-a administration may induce development of overt CD. Plasmacytoid dendritic cells (PDCs) were thought to be the source of IFN-a and promote a T helper type 1 response leading to lesion formation. Surprisingly and contradicting to earlier findings, PDCs were described as the main antigen-presenting cells (APCs) in human duodenal mucosa and particularly in CD. Here we show that when assessed by flow cytometry and in situ staining, PDCs represent o1% of APCs in both normal duodenal mucosa and the celiac lesion. Low levels of IFN-a were detected in the celiac lesion assessed by western blot, reverse transcriptase (RT)-PCR, and immunohistochemistry. In four cell populations sorted from the celiac lesion (based on their expression of HLA-DR and CD45), we found that equally low levels of mRNA for IFN-a were distributed among these cell populations. Together, these results suggest that relatively small amount of IFN-a, produced by a variety of cell types, is present in the celiac mucosa. IFN-k, a type III IFN important in intestinal antiviral defense, was produced mainly by APCs, but its expression was not increased in the celiac lesion.
INTRODUCTION
Dendritic cells (DCs) are central in the immune system of the intestine for induction of both tolerogenic and effector immune responses. There are two main lineages of DCs, classical CD11c hi myeloid and plasmacytoid DCs (PDCs). In addition, DCs derived from monocytes are also described in peripheral organs. DCs are important in both priming naive T cells in mesenteric lymph nodes and Peyer's patches and in the activation of effector T cells that reside in the intestinal lamina propria. Based mainly on studies in mice, the migratory CD103 þ CD11c þ DCs are believed to be most important in priming of T cells in secondary lymphoid organs, 1 while increasing evidence suggests that monocyte-derived DCs modulate local adaptive immune responses. 2, 3 PDCs are the major interferon (IFN)-a-producing cells, which are necessary for defense against viruses, 4 and probably also important in B-cell differentiation and antibody production. 5 Reports on the features of PDCs in the gut are scarce. Most observations are from mice where PDCs are a minor population among the antigen-presenting cells (APCs) in the lamina propria. [6] [7] [8] It was recently described that PDCs are able to home to the intestine of mice through CCR9 (C-C motif chemokine receptor 9), 9 although it is difficult to assess whether they home to the lamina propria, as considerable numbers of isolated lymphoid follicles are present in the mouse small intestine. 10 Further, in mice the CCR9 marker define immature, tolerogenic PDCs, which are also present as a resident population in resting lymphoid organs-notably not only in mesenteric lymph nodes-and which do not express high amounts of IFN-a. 11 In humans, PDCs are typically located in secondary lymphoid organs, but they can be recruited to various tumors and in pathological conditions of the skin and the airways. [12] [13] [14] [15] [16] It was hypothesized that PDCs can be the source of IFN-a and promote T helper type 1 response in celiac disease (CD), 17 a chronic small intestinal inflammation that is precipitated by wheat gluten ingestion and driven by activation of gluten-reactive CD4 T cells of the intestine. 18 A link between IFN-a and CD is supported by increased IFN-a expression in the celiac lesion compared with normal intestinal mucosa 19 and the clinical observation that IFN-a administration may induce development of overt CD. [19] [20] [21] [22] [23] [24] [25] Di Sabatino et al. 17 found that PDCs are the main APC population in the small intestine and that they are responsible for most of the increase in DC numbers observed in the celiac lesion. Our initial observations 26 suggested that PDCs are scarce in the small intestine. In this study, we examined the presence of PDCs in the celiac lesion and the presence and source of IFN-a.
RESULTS

Few PDCs are present in the duodenal mucosa
DCs in blood are defined by HLA-DR expression and lack of T-cell, B-cell, natural killer cell and monocyte markers, socalled lineage negative cells. PDCs in blood express high levels of CD123, and also CD45RA, BDCA2, BDCA4, and CD62L. In order to examine the proportion of PDCs in the duodenal mucosa, single-cell suspensions were prepared by digesting duodenal biopsies with collagenase followed by staining for lineage markers (CD3, CD14, CD19, CD20, CD56, and in some experiments, also CD34), HLA-DR, CD123, and CD45RA. expressed CD123 and CD45RA, which we believe could have originated from a lymphoid aggregate (Figure 1b) . In tissue digests, however, many cell types are not covered by the lineage markers. Some of these cells also express MHC (major histocompatibility complex) class II molecules, such as epithelial and endothelial cells, of which the latter are also positive for CD123. Indeed, most lin À HLA-DR þ cells in the tissue digests were not leukocytes (Figure 1c) . Among APCs defined as viable (PI negative) cells expressing HLA-DR and CD45 (Figure 1d ), o1% were PDCs (Figure 1b) . Of note, most CD123 hi cells were CD45-negative ( Figure 1c) . As expected, additional co-staining experiments showed that these were endothelial cells (not shown). Low expression of CD123 was found on some macrophages expressing DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin; Figure 1c,d) .
Expression of Toll-like receptor 9 (TLR9) by PDCs was used to argue for abundance of PDCs in the duodenal mucosa. 17 We thus looked at TLR9 expression by flow cytometry and found no abundant population of PDC-like cells expressing TLR9. Rather, TLR9 was expressed at high levels by CD27 þ cells being B cells and plasma cells (Supplementary Figure S1A) and at lower levels by a variety of other cell types, including CD45 À cells (mainly epithelial cells) and CD14 þ macrophages (Supplementary Figures S1B,1C) .
Detection of PDCs is not altered by collagenase digestion
To ascertain whether the scarcity of PDCs could relate to cleavage of CD123 by collagenase during tissue digestion, peripheral blood mononuclear cells were incubated with collagenase and, following CD45-labeling, mixed with unlabeled cells from duodenal mucosa in order to assess the effect of enzymatic digestion. The mixed cell suspension was then stained for lineage markers, HLA-DR and CD123, to identify PDCs. Cells that were derived from blood could be distinguished by positive CD45 Pacific Blue staining, while duodenal cells appeared CD45 negative, as the staining was done before mixing of the populations. PDCs from blood were readily detected being CD45 þ and expressing high levels of CD123, which demonstrated that the collagenase treatment did not affect the expression of this receptor. Some very few PDCs from the duodenal digest were also identified being CD45 neg CD123 þ ( Figure 2 ).
Density of PDCs is unaltered in the celiac lesion
We did not find a difference in the percentage of PDCs in the duodenum of control individuals and CD patients by flow cytometry (Figure 1b) . To establish PDC density, we enumerated PDCs in sections of duodenal mucosa from untreated CD patients and control patients with normal histology. Sections from frozen biopsies were stained for CD123 and either CD45RA or von Willebrand factor. PDCs were defined as cells co-expressing CD45RA and CD123, as previously described. 14 Numerous cells expressed CD123, but the morphology of these resembled vessels, what was corroborated by staining of von Willebrand factor. Consistent with the results from flow cytometry, very few PDCs were found by in situ staining (Figure 3) . The density of PDCs was unaltered in untreated CD (median 12 cells per mm 2 ; Figure 4 ) and corresponded to o1% of HLA-DQ þ APCs, which we found to be about 1500 cells per mm 2 in our earlier studies.
26,27
Detectable IFN-a by western blot in the celiac lesion
Next we determined whether IFN-a expression is detectable in the celiac lesion. Lysates were made from whole biopsies, and western blot was performed with various amounts of human recombinant IFN-a as positive control. IFN-a protein was found in seven of nine untreated CD patients but not in five control subjects ( Figure 5 ). Notably, we needed to load high amounts of protein, 150-200 mg per lane from whole-biopsy lysates to be able to detect IFN-a, indicating that there is probably little IFN-a in the celiac lesion.
To examine the cellular source of IFN-a in the celiac lesion, we first stained single-cell suspensions from three untreated celiac patients for IFN-a for evaluation by flow cytometry. IFN-a staining was negative in all the three CD patients (data not shown), probably due to high background and low concentration of IFN-a in individual cells. Of note, IFN-a was readily detected in PDCs of PBMC that was stimulated with CpG for 6 h (not shown).
We also made single-cell suspensions that were stained for HLA-DR and CD45 and four populations were sorted by flow cytometry (Supplementary Figure S2A) . Cells were lysed, and IFN-a content in the different cell populations was assessed by western blotting. Due to low signals, we were not able to reliably identify which cell populations contributed to the IFN-a protein production (not shown).
Myxovirus resistance gene A (MxA) expression is increased in CD
Finally, we examined the expression of MxA, a widely used surrogate marker for type I IFNs, in samples from the duodenal mucosa and skin lesions from discoid lupus erythematosus. 12 MxA expression was graded from 0 to 5 based on staining within the epithelium as described in the Methods section. MxA expression was increased in the epithelial cells in the celiac lesion compared with normal duodenal mucosa ( Figure 6 ), indicating type I IFN stimulus. However, in skin lesions from lupus erythematosus, MxA expression was considerably higher than in the celiac lesion. In addition, in contrast to the lamina propria in the celiac lesion, we found remarkably high MxA hi cells are capillary endothelium cells in sections from duodenal mucosa. Cryosections of duodenal mucosa were stained for CD123 (red) and either von Willebrand factor (green, upper panels) or CD45RA (green, lower panels). Note that most von Willebrand factor þ cells express CD123, whereas only one CD45RA þ CD123 þ cell was found (arrow). Original magnification Â 600.
expression in the dermis of lupus skin probably corresponding to accumulating PDCs. 12 Indeed, similar amount of IFN-a mRNA was found in four cell populations sorted according to CD45 and HLA-DR expression, supporting that there are several cell types producing this cytokine in the small intestinal lamina propria (Supplementary Figure S2) , although IFN-a5 mRNA expression was significantly increased in CD45 þ DR À leukocytes, consisting mainly of T cells, plasma cells, and granulocytes and in CD45 À DR À cells, representing among others fibroblasts, goblet cells, and smooth muscle cells, from the celiac lesion. Moreover, 500-1000 times less IFN-a mRNA was found in biopsies compared with similar amounts of PBMC (which contained about 40-80 PDCs) that was stimulated with CpG for 4 h (Supplementary Figure S2) .
IFN-k expression is not increased in the celiac lesion
MxA expression is also induced by type III IFNs that were recently shown to have an important role in intestinal rotavirus infection in mice. 28 Frequent rotavirus infections are suspected to be associated with increased risk of developing CD, 29 therefore we examined IFN-l expression. Measured by enzyme-linked immunosorbent assay (ELISA), similar concentrations of IFN-l were found in duodenal biopsies from CD patients and controls ( Figure 7) . When assessed by RT-PCR, we found that IFN-l mRNA was mainly expressed by APCs in the celiac lesion but with higher expression of IFN-l1 in controls than CD patients (Supplementary Figure S2) .
DISCUSSION
Here we show that very few PDCs are present in the small intestinal mucosa, and the density of these cells does not increase in CD. IFN-a protein at moderate levels is detectable by western blotting in most patients with untreated CD but not in controls. Several cell types in the CD lesion produce IFN-a as assessed by mRNA expression.
PDCs were lin
þ cells as expected and similar numbers were found with various gating strategies, indicating that we did not overlook a part of the population. Di Sabatino et al. 17 argued that most APCs in the lamina propria are PDCs, what is in conflict with our comprehensive analysis. Based on our results, we suggest an alternative interpretation of their observations. We believe that the cells expressing high levels of CD123 in their immunohistochemical analysis were endothelial cells, while the CD123-positive cells in their flow cytometry experiments presumably represented macrophages or myeloid DCs, which are known to express CD123 at low levels. 30, 31 In immunohistochemistry, these cells may express CD123 at too low levels for efficient detection. Further, we found that macrophages or myeloid DCs dimly expressed TLR9, which could explain the findings of Di Sabatino et al. 17 of an abundant TLR9-expressing population of cells.
PDCs are mainly located in lymphoid tissues, although in some cases they can be found in inflamed tissues. 12 intestinal lamina propria in humans. Indeed, our finding of very few PDCs in the small intestinal mucosa is in agreement with another study. 32 We conclude that PDCs are scarce in the small intestine, and they are not recruited into the celiac lesion.
Given our failure to detect accumulation of PDCs in the celiac lesion, an imminent question is whether IFN-a is produced in the celiac mucosa, and if so, by which cells. Although we were unable to detect IFN-a by intracellular flow cytometry, we were able to detect IFN-a in lysates of duodenal biopsies of untreated CD patients in western blot. This confirms earlier findings. 19 Notably, however, the total protein loaded per lane by us (150-200 mg) and in the previous report (300 mg) is considerably more than what is usually used (10-40 mg) 33, 34 in western blot, suggesting that little IFN-a protein is present in the celiac lesion.
To determine the source of IFN-a, we proceeded with RT-PCR. IFN-a comprises multiple subtypes: 14 IFN-a genes give rise to 12 distinct human IFN-a proteins. 35 Although upon viral infection many different cells can produce type I IFNs, PDCs are the main systemic source of this cytokine and secrete 200-1000 times more than other cell types. 36 Importantly, most cells usually produce several subtypes of IFN-a. We chose to examine five subtypes. We found that the examined cell populations from duodenal biopsies expressed mRNA for several subtypes of IFN-a but in considerably lower amounts than blood-derived PDCs that were stimulated with CpG. Together, these results suggest that relatively small amount of IFN-a, produced by a variety of cell types, is present in the celiac mucosa. This notion is corroborated by MxA staining. MxA was expressed much weaker both in celiac enterocytes and in the lamina propria than in the epidermis and underlying dermis from lupus erythematosus lesions, the model for pathogenic relevance of type I IFN in autoimmunity.
Comparing patients with CD with controls, IFN-a5 mRNA was significantly more abundant in CD45 þ HLA-DR À leukocytes and CD45
À HLA-DR À cells from CD patients. In addition, we observed a tendency for increased expression of several IFN-a subtypes in leukocytes and in the CD45 À HLA-DR À population, although it did not reach significance, probably due to the limited number of patients tested. Little is known about the role of different subtypes of IFN-a, although there are studies that suggest different kinetics and efficiency in various infections and cell types. 35 For instance, IFN-a5 was shown to induce stronger Stat1 (signal transducer and activator of transcription factor) signaling and higher expression of the antiviral gene 2 0 5 0 oligoadenylate synthetase in liver cells than IFN-a2. 37 We found a slight upregulation in IFN-a detected by western blot and RT-PCR in biopsies from CD patients but mainly in leukocytes and stromal cells, whereas downstream effect, as assessed by MxA staining, was seen mostly in the epithelium. This might be explained by a paracrine effect of IFN-a. We altogether examined 27 UCD patients for IFN-a or MxA expression with various assays. Even though a limited number of patients were examined with each assay, the different assays gave consistent results, strongly suggesting that expression heterogeneity and skewed representation of patients have not misled our conclusion about the IFN-a expression in CD.
Virus infections, especially frequent rotavirus infections, have been linked with CD, and IFN-l has been shown to have critical role in intestinal antiviral defense in mice. Interestingly, we observed that in the duodenal mucosa, IFN-l was almost exclusively produced by APCs. However, mRNA levels of IFNl1 were higher in controls than in CD patients. In ELISA, 2 out of 10 CD patients had considerably increased IFN-l concentration, indicating that there may be differences among subgroups of patients and viral infections may have a role in some patients. In our material, the two patients with highest IFN-l concentrations had abdominal pain for more than a year but without a history of preceding gastrointestinal infection. One of the other patients had initial symptoms with vomiting and diarrhea a half year before diagnosis that were considered as gastrointestinal infection, but which resolved by the time of the diagnosis. Stool culture for bacteria was negative and blood for virus serology was unfortunately not taken. This latter patient had normal/low IFN-l level, but it is possible that initial high IFN-l levels decrease with time. An association between CD and virus infections is difficult to prove without prospective studies designed specifically for this purpose because of the long time between appearance of symptoms and the diagnosis of CD.
A variety of autoimmune phenomena have been reported after IFN-a therapy. In contrast to thyroid dysfunction, 38 there are only a few case reports on CD, which may indicate a relatively weak association. We are aware of case reports on nine patients who were diagnosed with CD during IFN-a therapy. For many cases, it is hard to conclude whether IFN-a therapy initiated the disease or just aggravated the disease and symptoms as pretreatment serum samples were either not available 19, [23] [24] [25] or they were scored positive for endomysial antibodies. [20] [21] [22] [23] IFN-a may aggravate the disease, for instance, by enhancing maturation and antigen presentation by DCs and prolonging survival of plasma cells and thus increasing antibody production against TG2.
Taken together, our study demonstrates that PDCs are rare in the intestinal mucosa of normal subjects as well as in patients with CD. This cell type is thus not likely a key player in the pathogenesis of CD. Although there is moderately increased expression of IFN-a and Mxa in the active celiac lesion, our results do not indicate an overly increased mucosal production of type I or type III IFNs in this enteropathy.
METHODS
Subjects. Multiple duodenal biopsy specimens were obtained from patients with untreated CD (n ¼ 36, mean age 37.3 years; range 20-72 years; 25 women) or treated CD (n ¼ 10, mean age 45.1 years, range 28-67 years; 7 women) and patients with normal histology (n ¼ 26, mean age 43.6 years, range 20-85 years; 18 women) who were examined with gastroendoscopy as part of the routine diagnostic workup. CD was diagnosed based on clinical symptoms, serology, and typical histological changes. Control patients had been referred to gastroendoscopy for abdominal pain, dyspepsia, diarrhea, or weightloss, and histological examination showed normal duodenal mucosa (Marsh 0). The study complies with the declaration of Helsinki and was approved by the regional committee for medical research ethics. All patients gave written informed consent to the study. To assess MxA expression in skin, archive biopsies were used from a material published in 2001. 12 Multicolor flow cytometry. For detection of cell surface markers in single-cell suspensions, duodenal biopsies were incubated with 2 mM EDTA for 60 min to remove epithelial cells and intraepithelial leukocytes, and the remaining material was digested with 1 mg ml Immunohistochemistry. For enumeration of PDCs, cryosections were used. Duodenal biopsy specimens were oriented on thin slices of carrot, embedded in Tissue Tek optimal cutting temperature compound, snap-frozen ''bed-side'' in liquid nitrogen, and stored at À 70 1C. Cryosections were cut in series at 4 mm, dried in room temperature (RT) over night, fixed with acetone for 10 min, dried for 15 min, wrapped in aluminum foil, and stored at À 20 1C until use. The cryosections were incubated with combinations of mouse monoclonal antibodies (mAbs) to human CD123 (clone 7G3, BD Pharmingen) or CD45RA (clone L48, BD Pharmingen) and a rabbit polyclonal antibody specific for von Willebrand factor (Dako, Glostrup, Denmark) for 1 h at RT. The sections were then incubated with biotinylated goat anti-mouse immunoglobulin G2a (IgG2a; Southern Biotech, Birmingham, AL) for 1.5 h, followed by a combination of Cy2-labeled streptavidin (Amersham Biosciences, Buckinghamshire, UK) and Cy3-labeled goat anti-mouse IgG1 (Southern Biotech) or Alexa 488-labeled goat anti-rabbit IgG (Molecular probes, Eugene, OR) for 30 min. All incubations were followed by gentle wash for 2 min in phosphate-buffered saline.
In situ IFN-a/b production was evaluated by immunofluorescence staining for MxA, an IFN-a/b inducible intracellular protein well established as a surrogate marker for local IFN-a/b production. 39 Formalin-fixed and paraffin-embedded duodenal biopsies were cut in 4 mm sections and dewaxed. The sections were subjected to heat-induced epitope retrieval in citrate buffer (pH ¼ 6,1) by boiling at 100 1C in a water bath for 20 min and subsequent cooling to RT for 20 min. The sections were then incubated overnight at 4 1C with mAb to human MxA (clone M143, 40 kind gift from O. Haller, Freiburg, Germany), followed by incubation with Cy3-labeled goat anti-mouse IgG2a (Southern Biotech) for 2 h at RT. Irrelevant isotype-and concentration-matched primary mAb was used as negative control.
Fluorescence microscopy. Cryosections and formalin-fixed sections were examined at Â 400 magnification in a fluorescent microscope (Nikon Eclipse 80i, Nikon, Melville, NY). The density of PDCs was determined by counting all CD123 þ CD45RA þ cells in the lamina propria to a depth of B0.5 mm from the basolateral side of the surface epithelium by superimposing a grid (10 Â 10 lines; 0.242 Â 0.242 mm) parallel to the muscularis mucosa. On average, 10 grids were examined for every section.
MxA expression was graded from 0 to 5 based on staining within the epithelium as follows: Grade 0 ¼ o10% of the epithelium is weakly positive; Grade 1 ¼ 10-50% of the epithelium is weakly positive; Grade 2 ¼ 450% of the epithelium is weakly positive; Grade 3 ¼ 100% of the epithelium is weakly positive; Grade 4 ¼ 100% of the epithelium is strongly positive; and Grade 5 ¼ very strong positivity in 100% of the epithelium.
Western blot. For western blot, bedside biopsies were frozen in liquid N 2 , and stored at À 70 1C. In all, 1-3 biopsies were incubated in 100-150 ml lysis buffer containing 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0,1% sodium dodecyl sulfate, and proteinase inhibitor cocktail (Roche, Mannheim, Germany) with agitation. Subsequently, lysates were cleared by centrifugation at 16000 r.c.f. for 45 min, and protein concentration was measured with BCA assay (Thermo Scientific, Waltham, MA). Lysates containing 200 mg, and in some experiments 150 mg protein, were loaded onto 15% sodium dodecyl sulfate gel and run for 1 h at 200 V and 20 mA on an EPS-301 electrophoresis power supply (Amersham Biosciences). Proteins were then transferred to a nitrocellulose membrane using Towbin buffer for semi-dry transfer for 32 min at 25 V and 0.35 A using a Trans-blot semi-dry transfer cell system (Bio-Rad, Hercules, CA). Subsequently, the membrane was blocked in 4% dry milk dissolved in 0.05% TWEEN/TBS overnight at 4 1C. The membrane was then incubated with 10 ml 1 mg ml À 1 mouse anti-human IFN-a antibodies (MabTech, Nacka Strand, Sweden) detecting most subtypes (1/13, 2, 4, 5, 6, 7, 8, 10, 14, 16, and 17), followed by incubation with 1:15000 horseradish peroxidase-labeled goat anti-mouse IgG (Southern Biotech) at RT for an hour. IFN-a was detected with supersignal west pico chemiluminescent substrate from Thermo Scientific. Films were exposed for various periods from 1 to 20 min. Human recombinant IFN-a2a (Roceron) and a mix of various IFN-a subtypes (positive control for pan-IFN-a ELISA from Mabtech) were used as positive controls.
RT-PCR. Based on HLA-DR and CD45 expression, 20-50,000 cells were sorted from single-cell suspensions derived from duodenal biopsies by digestion. Cells were spun down, resuspended in 200 ml RLT lysis buffer, and stored at À 70 1C until use. Similar number of peripheral blood mononuclear cells that were incubated with either medium or 12.5 mg ml À 1 CpG ODN 2216 for 4 h were used as positive control. RNA was prepared with the microRNAeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instructions, followed by cDNA synthesis. Subsequently, preamplification of all mRNA of interest was performed using Taqman preamp mastermix (Applied Biosystems, Carlsbad, CA) using a 96-well Veriti thermal cycler from Applied Biosystems. In pilot experiments, four housekeeping genes were compared: GAPDH, CKDNB1, CASC3, and RPL13A. The two showing most similar expression across the populations, RPL13A and CASC3, were included in all assays, and RPL13A was used to calculate relative expression. RT-PCR was performed in triplicates in a 384-well 7900HT fast RT-PCR system (Applied Biosystems). Expression of IFNB1 and five IFN-a subtypes, IFNA1, IFNA2, IFNA4, IFNA5, and IFNA8, were assessed in addition to the expression of IL-28A/IFNL2 and IL-29/IFNL1. All expression assays and master mixes were purchased from Applied Biosystems.
ELISA. Lysates were prepared from whole biopsies as described in the western blot section, and IFN-l concentration per 50 mg protein was measured in duplicates with ELISA using Verikine human interferonlambda kit (PBL Interferonsource, Piscataway, NJ) according to the manufacturer's instructions.
Statistical analysis. Mann-Whitney test was used to assess the difference between densities of PDCs in CD patients and controls. Student's t-test was used to compare the relative mRNA expression of IFN-a subtypes in CD patients and controls.
